The surface aberration effect in the strain scanning method with a Ge analyzer was examined using high-energy X-rays from the undulator synchrotron source. The synchrotron X-rays from the undulator source had an enough intensity for the strain scanning method using a goniometer with the analyzer. The use of a Ge (111) analyzer showed remarkable reduction of the surface aberration effect. However, there still existed the surface aberration for the very-near surface region from the surface to the depth of 50 µm. A correction method was proposed by taking into account of the effects of the divergence of the Ge analyzer, the mis-setting of the analyzer and the X-ray attenuation. The proposed correction method was very useful for eliminating the surface aberration effect. The correction method enables a high space-resolutive evaluation of the subsurface stress distribution. The method was successfully applied to the determination of the residual stress distribution of the shot-peened steel. A precise d 0 value of the strain-free lattice spacing necessary was determined from the surface stress measured by the conventional sin 2 ψ method using Cr-Kα radiation.
High Space-Resolutive Evaluation of Subsurface Stress Distribution by Strain Scanning Method with Analyzer Using
High-Energy Synchrotron X-Rays
Introduction
The subsurface distribution of the residual stress has a large influence on crack initiation and propagation in stress corrosion cracking as well as in fatigue. To guarantee the reliability of structural components against stress corrosion cracking and fatigue, a non-destructive method is required to determine a precise distribution of the stress to the depth of few hundreds micrometers below the surface. The conventional method of X-ray stress measurement using Cr-Kα radiation only detects the stress residing in the surface layer of a few tens micrometers, and the repetition of surface removal is necessary to determine the subsurface stress distribution. While neutron diffraction can detect the stress in the interior of samples, the spatial resolution is limited.
High-energy X-rays from a synchrotron source have a large penetration depth which reaches 1.2 mm for a steel in the case of X-rays with an energy of 70 keV. Furthermore, the synchrotron X-rays have very high intensity and small divergence, which enable a high spatial resolution in stress measurements. Several methods have been proposed to determine the subsurface stress distribution using high-energy X-rays. Akiniwa et al. proposed the constant penetration method and utilized the sin 2 ψ method for stress determination. The method is time-consuming, though it is accurate. Webster and others proposed a strain scanning method to determine the strain distribution in the sample (1) . In the strain scanning method, the strain distribution is determined by scanning a small gauge volume which is determined by the sizes of the X-ray beam and the slits. This method has the following advantages:
1. The measurement time is shorter than that by a conventional sin 2 ψ method (2) . 2. The three dimensional stress can be measured from the measured strains. However, to improve the accuracy of the strain scanning method, the following problems should be solved:
1. To clarify the optical systems for an accurate stress measurement.
2. To remove the error due to the surface aberration effect (3) . 3. To determine the strain without knowing a precise strain-free lattice spacing.
The shift of the diffraction angle due to partial sinking of the diffracting gauge volume beneath the surface is called the surface aberration effect. Recently, Machiya and others studied the surface aberration effect in the strain scanning method using X-rays from the bending magnet source and proposed the correction method for the cases of the optical systems with double slits (4) . Although an accurate measurement of the subsurface strain distribution became possible by their correction method, spatial resolution is rather limited because of a fairly large divergence of the double slits. As another method, Withers and others proposed to use an analyzer to reduce the error due to the surface aberration effect. The amount of reduction of the error by the introduction of an analyzer is not yet clarified. The strain scanning method using an analyzer is only available in undulator or wiggler beam-lines and is not possible for bending magnet beam-lines, because of the severe attenuation of the X-ray intensity by the analyzer. The gauge volume determined by the analyzer is very small compared with that by the double slits optics, so that a higher space-resolution is expected.
In the present study, the reduction of the surface aberration effect by the analyzer is examined and a new correction method is proposed to remove the surface aberration effect.
Correction Method

1 Analysis of stress and strain
The axes of the stress, σ, and strains, ε, are defined as shown in Fig. 1 , where the σ 3 (or ε 3 ) is perpendicular to the surface. The stress-strain relations for isotropic materials are given by 
where E is Young's modulus and ν is Poisson's ratio for a specimen. When the equi-biaxial stress state (σ 1 = σ 2 ) is assumed, the above equations are rewritten as follows:
In addition, when the plane stress is assumed, σ 3 is zero.
As a result, the next equation is derived.
The relation between the lattice spacing, d, and the strain normal to the diffraction plane, ε, is given by
where d 0 is the stress-free lattice spacing. The relation between the lattice spacing, d, and the diffraction angle, 2θ, is given by Bragg's law as
where λ is the wavelength.
2 Correction of surface aberration effect
In the strain scanning method, the strain distribution beneath the surface is obtained as follows:
1. As shown in Fig. 2 , an instrumental gauge volume is determined by the incident and receiving slits, and the shape ideally is a rhombus.
2. X-ray is irradiated, and diffracted X-ray from the specimen contained in the gauge volume is measured.
3. The specimen is moved in the normal direction z (The gauge volume is sunk in the specimen).
4. The measurement of the diffraction angle, 2θ, is repeated, while scanning the position of the gauge volume in the depth direction z. However, the actual gauge volume expands due to the divergence of the receiving slits. When the gauge volume is near the surface, the shift of the diffraction angle is caused by the difference in the centroid between the instrumental gauge volume and the actual gauge volume. The use of an analyzer is effective to reduce the surface aberration effect as reported by Withers and others (3) . The typical optical system of the strain scanning method with the analyzer is shown in Fig. 3 . The divergence of the Ge (111) analyzer is very small compared with that of the double slits, so that the high space-resolution is expected.
Referring to Fig. 4 , the causes of the surface aberration effect are assumed as follows:
1. The expansion of the gauge volume due to the divergence of the Ge analyzer.
2. The difference in the center line between the instrumental gauge volume and the analyzer due to the missetting of the analyzer.
3. The effect of the beam attenuation within the actual gauge volume. In the strain scanning method by neutrons, the shift of the centroid due to the beam attenuation has been examined by Webster (5) , however, the expansion of the gauge volume and mis-setting of the analyzer were not taken into consideration. The centroid of the actual gauge volume shifts because of the change in diffraction intensity within the actual gauge volume, and moves from the geometric centroid, O, to the actual centroid, G, as shown in Fig. 5 . The values of shift u and v are obtained from the ratio of the intensity moment to the intensity for each direction as where I is the actual intensity at the position, x and y are the vertical and horizontal distance from the centroid of the instrumental gauge volume, O. The integral is taken over the whole of the actual gauge volume, V.
When the actual centroid of the diffraction intensity shifts as shown in Fig. 5 , this shift causes the angle shift of the measured diffraction angle which is denoted by ∆2θ.
Experimental Procedure
1 Materials and specimens
The experimental material was S45C (steel with 0.45% carbon). The specimen was a flat plate with a thickness of 4 mm. The reference specimen was annealed and stress-free. The other specimen was shot-peened to introduce a compressive residual stress in the surface layer. These annealed and shot-peened specimens were the same specimens used in our previous study (6) . The distributions of the residual stress were measured by the surfaceremoval method combined with the conventional sin 2 ψ method. The residual stress of the shot-peened specimen was in an equi-biaxial plane stress state.
2 Conditions for synchrotron X-rays
The beam line used for the experiment was the beam line BL22XU of JAEA (Japan Atomic Energy Agency) at SPring-8 (7) . The synchrotron source of the beam line comes from the undulator insertion source, and has very strong intensity and high-energy. The high brightness and high resolution of X-ray source can be obtained by a monochromator cooled with liquid nitrogen. The change of the brightness can be kept 0.3% or less by MOSTAB (8) . The intensity of the beam is 6 × 10 10 photons/sec. The synchrotron X-ray beam was focused by Be lenses and the size of the beam at the position of 120 m from synchrotron source was 0.6 mm in height and 1.2 mm in width.
A 4-circle goniometer of a horizontal type was used and is excellent in measurement accuracy, because horizontal goniometer is not affected by gravity. The specimen was set on the z-stage attached to the 4-circle goniometer. The X-ray conditions for the strain scanning method are summarized in Table 1 . The X-ray energy was 69.503 keV and the irradiated area made by the divergent slit was 1.0 mm × 0.2 mm. The Ge (111) was used as the analyzer crystal which has good crystallinity to ensure a high spatial resolution.
The diffraction of Fe 211 was measured and the X-ray elastic constants calculated by Kröner model (9) was used for stress calculation. During measurement, the specimen was rotated in order to increase the number of the diffracting grains. Figure 6 shows the diffraction angle measured using the strain scanning method as a function of depth, z, for the annealed specimen. The diffraction angle, 2θ, should be constant, because there is no strain in the annealed specimen. The diffraction angle measured using the double slits method without analyzer shifts greatly near the surface as seen in Fig. 6 , because the divergence of the double slits is large. This angle shift near the surface is due to the surface aberration method. On the other hand, the shift of the diffraction angle measured with the analyzer is small and only occurs very near the surface. Although the angle shift in this case is very small compared with the case of the double slits method, there still exists a small angle shift from the surface to the depth of 50 µm. Therefore, the correction method for the surface aberration effect with the analyzer is considered in the next section and an accurate and convenient stress scanning method will be proposed by combining Ge analyzer usage with the correction of the surface aberration effect.
Results and Discussion
1 Use of analyzer to reduce the surface aberration effect
In the strain scanning method, the measurement of the d 0 value, which is the lattice spacing without strain, is always required to calculate a strain and is very significant to achieve high accuracy. In industrial applications of the strain scanning method, a direct determination of the d 0 value is often difficult. To circumvent this difficulty, the d 0 value can be determined from the surface stress measured by the conventional sin 2 ψ method of X-ray stress measurement by Cr-Kα as follows. When the stress state is equi-biaxial plane stress, the d 0 value is determined by Eqs. (3) and (4), as 
The d 0 value is determined by substituting the stress value, σ 0 , determined by the conventional sin 2 ψ method of stress measurement and the measured lattice spacing on the surface, d.
4. 2 Correction of surface aberration of strain scanning method with analyzer As the above mentioned, the following three causes are responsible for the surface aberration effect: the X-ray penetration depth, the extension of the gauge volume and the mis-setting of the Ge analyzer. Figure 7 shows the calculated and measured values of the diffraction angle as a function of depth.
The broken line shows the result calculated by taking into account of the surface aberration effect by X-ray attenuation in the instrumental gauge volume. The calculated diffraction angle decreases more rapidly near the surface compared with the measured one. Next, the effect of divergence of the Ge analyzer was considered in addition to the X-ray attenuation effect. The divergent angle of the Ge analyzer was defined as the full width at half maximum (FWHM) of the rocking curve of the analyzer. The calculated line shown with the solid line gets closer to From the above comparisons, it can be concluded that three causes, the X-ray attenuation effect, the extension of the gauge volume due to the Ge analyzer and the missetting of the Ge analyzer, are all responsible for the surface aberration of the measured diffraction angles. Therefore the values of shift of diffraction angle, ∆2θ, obtained by calculation are deducted from measured values. The variation of the corrected diffraction angle, 2θ, is shown in Fig. 8 . The difference between the measured value and corrected value at surface is 0.002 degree and this value is equivalent to 60 MPa. The corrected angle is almost constant, which is appropriate for measurement of the annealed specimen.
4. 3 Application of strain scanning method with analyzer To examine our correction method proposed above, the distribution of the residual stress for the shot-peened specimen was measured. The measured diffraction angle was corrected by our method, and the result is shown in Fig. 9 . The d 0 value is determined by Eq. (7). In Fig. 9 , the open circles indicate the residual stress measured by the strain scanning method. The solid circles indicate the residual stress obtained in our previous study (6) , where the surface layer of the shot-peened specimen was removed successively by electropolishing and the stress measurement by the sin 2 ψ method using Cr-Kα radiation was repeated. The value of the stress measured by sin 2 ψ method were corrected by taking account of the surface removal. With respect to the result by the strain scanning method with analyzer, the residual stress is a compression at the surface and shows the minimum beneath the surface, and approaches to zero in the deeper region. The surface layer of the compressive residual stress is about 0.3 mm in thickness. The distribution determined by the strain scanning method well agrees to that by the surface-removal method, Fig. 9 Distribution of residual stress measured by strain scanning method and conventional X-ray method though the value of the compressive residual stress for the strain scanning method is a little larger than that obtained by the surface-removal method.
Conclusions
The surface aberration effect in the strain scanning method with a Ge analyzer was examined using high-energy X-rays from the undulator synchrotron source. A new correction method was proposed to remove the surface aberration effect. The obtained results are summarized as follows;
1. The synchrotron X-rays from the undulator source had an enough intensity for the strain scanning method with the analyzer.
2. The use of the Ge (111) analyzer showed remarkable reduction of the surface aberration effect. However, there still existed the surface aberration for the very-near surface region from the surface to the depth of 50 µm.
3. A correction method was proposed by taking into account of the effects of the divergence of the Ge analyzer, the mis-setting of the analyzer and the X-ray attenuation. This correction method was very useful for removing the surface aberration effect.
4. The proposed correction method enables a high space-resolutive evaluation of the subsurface stress distribution. The method was successfully applied to the determination of the residual stress distribution of the shotpeened steel.
5. The d 0 value of the strain-free lattice spacing necessary for strain calculation was determined from the surface stress measured by the conventional sin 2 ψ method using Cr-Kα radiation.
